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ABSTRACT 

Chen, Z.-Y., Brown, R. L., Damann, K. E., and Cleveland, T. E. 2002. 
Identification of unique or elevated levels of kernel proteins in aflatoxin-
resistant maize genotypes through proteome analysis. Phytopathology 
92:1084-1094. 

Aflatoxins are carcinogens produced by Aspergillus flavus and A. 
parasiticus during infection of susceptible crops such as maize (Zea mays 
L.). Resistant maize genotypes have been identified, but the incorpora-
tion of resistance into commercial lines has been slow due to the lack of 
selectable markers. Here we report the identification of potential markers 
in resistant maize lines using a proteomics approach. Kernel embryo 
proteins from each of two resistant genotypes have been compared with 
those from a composite of five susceptible genotypes using large format 
two-dimensional gel electrophoresis. Through these comparisons, both 

quantitative and qualitative differences have been identified. Protein 
spots have been sequenced, and based on peptide sequence homology 
analysis, are categorized as follows: storage proteins (globulin 1 and 
globulin 2), late embryogenesis abundant (LEA) proteins related to 
drought or desiccation (LEA3 and LEA14), water- or osmo-stress related 
proteins (WSI18 and aldose reductase), and heat-stress related proteins 
(HSP16.9). Aldose reductase activity measured in resistant and suscep-
tible genotypes before and after infection suggests the importance of 
constitutive levels of this enzyme to resistance. Results of this study 
point to a correlation between host resistance and stress tolerance. The 
putative function of each identified protein is discussed. 

Additional keywords: host resistance, resistance-associated proteins. 

 
Infection of maize (Zea mays L.) by Aspergillus flavus and the 

subsequent accumulation of the toxic and highly carcinogenic 
secondary metabolites, aflatoxins, is a serious agricultural prob-
lem, especially in maize growing under drought conditions (18, 
36). Aflatoxin contamination significantly reduces the value of 
grain as an animal feed and export commodity (34). It also poses 
health hazards to humans (36) and domestic animals (34). 

During the past two decades, maize genotypes with natural pre-
harvest resistance to aflatoxin production have been identified 
through field screening (10,43,56). Although these discoveries 
have enhanced the stature of host resistance as a viable strategy 
for controlling aflatoxin contamination, the poor agronomic qual-
ity of these lines render them of little direct commercial value (6), 
and their levels of resistance may require enhancement to satis-
factorily control the problem. Thus, there is a need to continue 
screening additional germ plasm, as well as to identify resistance 
traits in existing germ plasm. Recent investigations suggest that 
kernel resistance to aflatoxin production is a quantitative trait (17, 
51). However, the lack of identified selectable markers in these 
genotypes has slowed the incorporation of resistance into lines 
with commercially acceptable genetic backgrounds. 

While it is known that fungal infection may occur in immature 
maize kernels, aflatoxin accumulation actually occurs in mature 
kernels during dry-down (36). This fact facilitated the develop-
ment of a postharvest laboratory-based rapid screening method, 
the kernel screening assay (KSA) (8). This widely used procedure 
has confirmed resistance previously observed in field trials (8), 

discovered new potentially resistant lines (7), and demonstrated�
that resistance to aflatoxin production in most genotypes is likely 
accomplished through inhibition of A. flavus infection (8,22). 
Another discovery facilitated by the KSA was the key role of ker-
nel embryo viability in the expression of resistance (9,12). Studies 
using an A. flavus �-D-glucuronidase (GUS) reporter construct in 
conjunction with the KSA, further observed that A. flavus usually 
colonizes the embryo tissue and the aleurone layer first, before 
spreading into the endosperm (8). This suggests that the embryo is 
the point of entry for A. flavus and possibly a primary point of 
defense. Other studies have also demonstrated that kernel embryos 
are colonized before endosperm tissue by aflatoxin-producing 
fungi (28,44). 

Maize kernel protein expression has been implicated in resis-
tance to A. flavus infection/aflatoxin production (6), and side-by-
side comparisons of resistant with susceptible mature kernel proteins 
have been performed using one-dimensional (1-D) polyacrylamide 
gels (14). This comparative method was employed because of the 
absence of isogenic or near-isogenic maize lines that differ in 
resistance. Using this method, a constitutively expressed 14-kDa 
trypsin inhibitor protein (TI) was observed at high levels in the 
endosperm of resistant lines, but was at low levels or absent in 
susceptible lines (14). TI demonstrated strong bioactivity in vitro 
against A. flavus and other fungal pathogens (13). In addition to its 
demonstrated lytic activity against fungal cell walls, TI also was 
shown to inhibit A. flavus alpha-amylase activity (15). This could 
hinder fungal ability to utilize endosperm sugars, known precur-
sors for both fungal growth and aflatoxin biosynthesis (59). 

In another 1-D study, the constitutive expression of two embryo 
globulin proteins (GLB1 and GLB2) also was found to be associ-
ated with kernel resistance (12). This investigation also demon-
strated that while either resistant or susceptible kernels can induce 
high levels of antifungal proteins upon imbibition or infection, re-
sistant kernels alone have the ability to constitutively express high 
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levels of these proteins. This provides a significant advantage to 
them over susceptible kernels in mounting a defense against A. 
flavus infection and subsequent aflatoxin accumulation (12). 

Using 1-D gel to identify other proteins that might correlate 
with resistance has been limited due to its low resolutions. How-
ever, the recent use of immobilized pH gradients and the latest 
development in computerized analytical software has dramatically 
increased the reproducibility, reliability, and accuracy of two-
dimensional (2-D) polyacrylamide gel electrophoresis (PAGE) 
(38). Using this methodology, over a dozen proteins were found to 
be induced in maize subjected to progressive water deficit (39). 
Also, when 2-D PAGE was employed, a mutant of Arabidopsis 
thaliana was shown to over-accumulate cytokinins (42). 

In the present investigation, 2-D PAGE was employed to com-
pare constitutive protein expression of mature kernels between 
resistant and susceptible genotypes. Embryo and endosperm pro-
teins were extracted, resolved, and analyzed separately to obtain 
superior resolution. Results of embryo protein comparisons are 
presented here; endosperm findings will be reported in the future. 
Our objective was to identify proteins in two maize genotypes, 
Mp420 and Mp313E that could correlate with resistance and gain 
insight into the nature of their involvement. These two genotypes, 
genetically unrelated but each with proven aflatoxin resistance 
(43,58), have caught the interest of the seed industry and have 
been investigated as parents in single cross hybrids involving pro-
prietary germ plasm (57). The identification of potential protein 
markers in the present study could assist breeders in hastening the 
development of aflatoxin-resistant commercial maize lines, con-
structed upon Mp420 or Mp313E resistance traits. Preliminary 
reports of findings included here have been made (16). 

MATERIALS AND METHODS 

Chemicals and materials. Immobilized pH gradient (IPG) buf-
fer (pH 3.0 to 10.0), Immobiline DryStrip (pH 3.0 to 10.0, 18 cm, 
linear), dithiothreitol (DTT), IPGphor, and a Hoefer-Dalt 2-D 
electrophoresis system were purchased from Amersham Pharmacia 
Biotech (Piscataway, NJ). 3-([3-Cholamidopropyl]-dimethyl-
ammonio)-1-propane-sulfonate (CHAPS), ammonium persulfate, 
and N,N,N9,N9-tetramethyl-ethylenediamine (TEMED) were pur-
chased from Bio-Rad (Hercules, CA). Kernels of commercial 
maize hybrids Pioneer 3165 (P3165) and Deltapine G4666 (G4666) 
were obtained from their respective companies; their susceptibility 
to A. flavus infection/aflatoxin production has been established 
(22). Kernels of resistant inbred T115 and susceptible inbreds B73 
and Mo17 (10) were obtained from the Department of Plant 
Pathology, University of Illinois, Urbana. Kernels of susceptible 
inbred Va35 and resistant inbreds (Mp420 and Mp313E) (43) were 
from the USDA-ARS, Corn Host Plant Resistance Research Unit, 
Mississippi State. Kernels of resistant breeding population GT-
MAS:gk were obtained from the USDA-ARS, Insect Biology and 
Population Management Research Laboratory, Tifton, GA. 

Protein extraction. Kernels (20 g) from each genotype were 
dissected into embryo and endosperm after being soaked in water 
overnight at 0°C. These conditions were employed to facilitate the 
separation without protein induction (confirmed using western 
blot analysis). Embryo proteins were extracted with an extraction 
buffer (0.25 M NaCl, 50 mM Tris-HCl, pH 8.0, 14 mM �-mer-
captoethanol) (4 ml/g) for 10 min on ice using a mortar and pestle, 
centrifuged (20 min at 35,000 × g at 4°C), and the supernatant was 
precipitated with five volumes of cold (–20°C) acetone overnight. 
Proteins were recovered by centrifugation (30 min at 35,000 × g at 
4°C) and dried under vacuum before resolubilizing in lysis buffer 
(9.5 M urea, 2% CHAPS, 1% DTT, 0.8% wt/vol IPG buffer, pH 3 
to 10, 0.04% Pefabloc proteinase inhibitor) at a final concentration 
of 2 µg/µl. The resultant mixture was centrifuged for 30 min at 
35,000 × g (15°C), to prepare the supernatant for loading on a re-
hydrated IPG gel strip, or alternatively, for storing at –78°C until 

use. This experiment was performed twice, and each sample was 
run in triplicates. 

First-dimension gel electrophoresis. Immobiline DryStrip gels 
(pH 3 to 10) were rehydrated overnight in 350 µl of rehydration 
solution (8 M urea, 1% CHAPS, 20 mM DTT, 0.2% wt/vol Phar-
malyte 3-10 carrier ampholytes) at 20°C (21). Fifty (analytical) to 
700 µg (preparative) of the above supernatant was applied to 
either or both of the lateral wells at either end of the strip holders. 
Isoelectric focusing (IEF) was performed at 20°C for 6 h under the 
following conditions: 1 h at 500 V, 1 h at 1,000 V, and 4 h at 8,000 
V. Current was limited to 0.05 mA per IPG gel strip. The focused 
strips were equilibrated immediately for 15 min in 10 ml of 
sodium dodecyl sulfate (SDS) equilibration buffer (50 mM Tris-
HCl buffer pH 8.8, 6 M urea, 30% wt/vol glycerol, 2% wt/vol 
SDS, and 1% wt/vol DTT) (21). After equilibration, IPG gel strips 
were embedded in a 1% agarose solution at the top of the 2-D gel. 

Second-dimension gel electrophoresis, staining and gel 
analysis. SDS-PAGE was performed in 13.5% polyacrylamide 
gels (235 × 190 × 1.5 mm, width × length × thickness) at 10°C at 
a constant voltage of 120 V for 2,000 V h. Protein spots in ana-
lytical gels were stained automatically with Silver Stain Kit 
(Genomic Solutions, Chelmsford, MA) using an Investigator Gel 
Processor (Genomic Solutions). Preparative gels were stained 
with Coomassie Brilliant Blue R 250 and all stained gels were 
scanned using a UMAX PowerLook II scanner (UMAX data sys-
tems, Taiwan), and analyzed using the BioImage software package 
(BioImage, Ann Arbor, MI) on a Sun Ultra 5 workstation. Only 
the reproducible spots were used for comparison (over 90% of all 
protein spots detected on 2-D gels for a given genotype are repro-
duced [or matched]). In gel-to-gel comparisons, spot integrated 
intensity (I. I.) was normalized using the sum of the I. I. of all 
spots in a gel divided by the sum of the I. I. of all spots in the 
reference gel to minimize loading and staining variations between 
gels. 2-D gels from resistant genotypes Mp420 or Mp313E were 
compared to composite gels generated from five susceptible maize 
genotypes to obtain protein spots that are only present or at least 
fivefold up-regulated in the resistant lines compared to susceptible 
lines. 

Peptide sequencing. Protein spots from two to five Coomassie 
Brilliant Blue R 250-stained prep 2-D gels were excised with a 
combined total protein amount ranging from 10 to 20 pmol. These 
protein spots were subjected to in-gel trypsin digestion and ana-
lyzed by electrospray ionization tandem mass spectrometry (ESI-
MS/MS) (PE SCIEX API 3000 equipped with a nanospray source 
from Protana, Applied Biosystems, Foster City, CA) to obtain 
peptide sequence information at the Protein Chemistry Core Facil-
ity, Baylor College of Medicine (Houston, TX). When peptide 
sequences could not be obtained unambiguously by using ESI-
MS/MS, Edman degradation was performed using an Applied 
Biosystems Procise cLC sequencer to obtain sequence informa-
tion for protein identification. 

Database sequence homology analysis. Peptide sequence ho-
mology searches against known proteins or translated open read-
ing frames of expressed sequence tags (ESTs) in databases at the 
National Center for Biotechnology Information (NCBI) and SWISS-
Prot were performed using basic local alignment search tool 
(BLAST) (1). 

Aflatoxin production versus aldose reductase activity. 
Further experiments were performed to investigate the existence 
of an association between aldose reductase and kernel aflatoxin 
resistance. Kernels (120 per genotype) of four resistant (Mp420, 
Mp313E, GT-MAS:gk, and T115) and three susceptible genotypes 
(B73, G4666, and P3165) were surface-sterilized as described (9). 
Forty kernels from each genotype were ground in an analytical 
mill with liquid N2 and extracted in the above extraction buffer as 
described in a previous study (14). The crude extract was used for 
an aldose reductase activity assay (below). The remaining 80 
kernels from each genotype were inoculated with an A. flavus 
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conidia suspension (5 × 106 conidia per ml) and incubated at 31°C 
under 100% humidity for 7 days as previously described (9). At 
the end of incubation, 40 kernels were ground for aldose reductase 
activity assay, and the remaining 40 kernels (four kernels per 
replicate) were bagged, dried, and used for aflatoxin determination 
using the method of Brown et al. (9). The experiment was con-
ducted twice. 

Aldose reductase activity was photometrically determined by 
measuring the decrease in the concentration of reduced nicotina-
mide adenine dinucleotide phosphate (NADPH) at 340 nm for  
5 min at room temperature according to Kawasaki et al. (27). 
Assay mixtures (500 µl) contained 100 mM sodium phosphate 
buffer, pH 6.9, 0.15 mM NADPH and 10 mM DL-glyceraldehyde 
as substrate. The reaction was initiated by adding the enzyme. The 
protein concentrations were determined using the Bio-Rad protein 
assay kit according to Bradford (5). 

Statistical analysis. All data were analyzed using the analysis 
of variance procedure of the Statistical Analysis System (SAS 
Institute, Cary, NC). Aflatoxin data were log-transformed prior to 
analysis to equalize variances. Means were separated by Duncan’s 
multiple range test (P � 0.05). 

RESULTS 

Identification of unique or up-regulated protein spots. Pro-
tein spots from each gel were first identified and quantified using 
the BioImage 2-D gel analysis software. A typical 2-D gel of 
embryo proteins contained 1,200 to 1,500 spots when stained with 
silver. The majority was concentrated in the pH 4 to 8 region with 
a molecular mass ranging from 24 kDa to 80 kDa (data not 
shown). The unique and up-regulated protein spots in the afla-
toxin-resistant genotype Mp420 were identified through spot match-
ing between the gels from Mp420 and the composite gel generated 
from five susceptible genotypes. The unique spots in Mp420 with 
I.I greater than 1.5 are listed in Table 1. Spots 1423 and 875 from 
Mp420 were missing in all five susceptible genotypes, and the 
remaining protein spots were missing in four of five susceptible 
genotypes. The quantitative differences between Mp420 and the 
five susceptible genotypes also were determined among the com-
mon spots. The protein spots whose level of expression were 
fivefold or higher in Mp420 compared with all or four of five 
susceptible genotypes, such as 1133 and 1724, are summarized in 
Table 1. The subsections of representative gels from each geno-
type showing some of the unique or up-regulated protein spots are 
presented in Figure 1. 

Mp313E contains most of the unique and up-regulated proteins 
identified in Mp420. The major qualitative difference between 
Mp313E and Mp420 is that Mp313E contained a unique region of 
protein spots with molecular mass of 24.6 to 27.3 kDa and iso-
electric point (pI) ranging from 5.2 to 5.4. These spots (1508, 
1538, 1562, and 1568), collectively called 1508s, were missing in 
the embryos of all susceptible genotypes (Fig. 2, Table 2). How-
ever, protein spot 1544 next to 1508s, was observed in one of the 
susceptible genotypes (P3165) (Fig. 1B, indicated with an open 
arrow). Four protein spots whose level of expression was found 
up-regulated fivefold or more in Mp313E compared to all sus-
ceptible genotypes were also identified (Table 2). 

Another major change observed in comparing 2-D gels of dif-
ferent maize genotypes is the position shift of several protein 
spots. One such example is spot 1133, which appears in position 
four in Mp420 and position one in Mp313E (1136) (Fig. 3). In all 
susceptible genotypes, this protein (as confirmed by sequence 
analysis) assumes positions two and/or three except for B73, in 
which this protein appears in position four (Fig. 3). 

Protein sequencing and database query. Eleven protein spots 
identified in the above comparison of embryo proteins between 
resistant and susceptible genotypes were selected for peptide 
sequencing using ESI-MS/MS and conventional Edman degra-
dation when MS failed to yield any usable sequence data. Two to 
nine peptides were sequenced from each spot for positive identi-
fication of the protein. The peptide sequences obtained for each 
spot and their homology identified through database searches are 
summarized in Table 3. All spots had significant sequence ho-
mology to known proteins except 1300, in which only one of its 
four peptide sequences showed low homology to an anionic 
peroxidase H from maize (GenBank Accession No. AAC79953) 
(Table 3). 

The peptide sequence of spot 1508s is identical to maize globu-
lin 1-L (GLB1-L) (30), a major storage protein in maize embryos 
with a calculated molecular mass of 66.2 kDa (Fig. 4A). Peptide 
sequences of spot 1391 are identical to those obtained from pep-
tides one and four of spot 1406 (Table 3). These two peptides, 
along with peptide three of spot 1406, showed 97% homology 
(with only one mismatch) to globulin 2 (GLB2) of maize (52), 
another major embryo storage protein with a calculated molecular 
mass of 49.9 kDa (Fig. 4B). The other peptide (peptide 2) 
(DGAQQTGSYVAQTAE) showed significant homology (73%) to 
a rice water-stress inducible protein (WSI18, GenBank Accession 
No. BAA05537) (47), indicating that contained within spot 1406 
are two different proteins. 

TABLE 1. Summary of unique and up-regulated spots in Mp420 embryo compared to five susceptible maize genotypes 

  
Spot number 

Integrated intensity of protein 
spots (I.I)v 

 
Area of protein spot in mm2w 

 
Isoelectric point (pI)w 

Molecular weight 
(MW)w 

Unique spots 1423xy 4.04 ��0.96 4.43 9.3 24344.0 
 875x 2.95 ��0.44 3.51 6.8 47256.0 
 1406yz 5.27 ��1.43 5.68 9.7 24946.2 
 1391yz 8.61 ��1.75 9.10 8.4 25133.9 
 1300yz 3.73 ��1.04 3.92 5.3 27975.6 
 1175z 9.12 ��2.31 8.42 5.6 33913.9 
 772z 3.34 ��0.61 2.96 6.7 51395.8 
 492z 3.24 ��0.73 3.63 5.3 60948.9 
 574z 2.83 ��0.49 3.18 5.2 58356.3 

Fivefold up-regulated spots 1133y 11.39 ��1.91 8.23 7.1 36241.3 
 1724y 16.67 ��3.20 12.63 5.8 14943.5 
 1868y 8.59 ��0.53 19.66 5.2 14208.2 
 311 6.02 ��0.50 5.53 7.6 68820.7 
 947 1.88 ��0.32 2.91 4.8 44572.0 

v I.I, which have the most variations, the values presented here are means � standard error. 
w The values for area, pI, and MW are the means of the same spot obtained from replicated gels in two studies. 
x Spots are missing in all susceptible genotypes. 
y Spots were selected for amino acid sequence analysis. 
z Spots are missing in four out of five susceptible genotypes. 
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Fig. 1. Comparisons of embryo proteins between resistant (Mp420) and susceptible (B73, Mo17, Va35, G4666, P3165) maize genotypes separated through two-
dimensional (2-D) gel electrophoresis. A, B, and C are three subsections of 2-D gels, corresponding to molecular weight (MW) from 80,000 to 22,000 (top to 
bottom) and isoelectric point (pI) from 10.0 to 7.0 (left to right), MW from 45,000 to 22,000 and pI from 7.0 to 4.0, and MW from 22,000 to 6,500 and pI from 
7.5 to 3.5, respectively. Circles indicate the common spots used as anchors. Solid arrows indicate unique or up-regulated spots in Mp420. B, The open arrow in 
P3165 indicates the spot is matched to a protein (1544) in Mp313E. 

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2002.92.10.1084&iName=master.img-000.jpg&w=488&h=655
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 Spot 1423 was shown to be a maize group three late embryo-
genesis abundant protein (LEA3) (55) based on its peptide se-
quence homology. Two other protein spots (1793 and 1786) with 
lower molecular weight (MW) and pI from a susceptible genotype 
(Mo17) also were found to be LEA3 proteins (Table 3, Fig. 5A). 
The calculated MW and pI of maize LEA3 is 22,758 and 8.80, 
respectively. The significantly higher pI and MW of spot 1423 
compared to the other two indicates that they may be encoded by 
two homologous genes or by one gene with different post-
translational modifications. 

Peptide sequence analysis indicated that spot 1868 contained 
more than one protein. Peptides two, three, and six to eight (Table 
3) showed high homology to group four late embryogenesis 
abundant protein (LEA14) from cotton (GenBank Accession No. 
P46518; 70.5% identity), a desiccation related protein from Arabi-
dopsis thaliana (GenBank Accession No. AAC62908; 63.6% 
identity), and a desiccation protectant protein from soybean (Gen-
Bank Accession No. P46519; 61.4% identity) (Fig. 5B). These 
peptide sequences also are highly homologous to the deduced 
amino acid sequences of several maize ESTs, such as AW331170 
(68.2%) and AW566229 (72.7%) (Fig. 5B). No homology was 
found for sequences obtained from peptides one, four, five, and 
nine of spot 1868 (Table 3). 

The peptide sequence of spot 1724 is highly homologous to a 
heat shock protein (HSP) 16.9 from pearl millet and rice (both 
84.8% identity) (11,50) and a HSP 17.2 (GenBank Accession No. 
S23212; 90.9% identity) from maize (Fig. 6). A sequence homol-
ogy search of maize ESTs using BLAST found five more HSPs 
encoding sequences. The peptide sequence of spot 1724 shows a 
complete match to the deduced amino acid sequences of three 
ESTs (AW258080, BE056217, and BE123268), and is highly 
homologous (90.9% identity) to that of the other two ESTs 
(AW067565 and BE639130) (Fig. 6). 

Spots 1133 from Mp420 and 1136 from Mp313E, although 
different from each other in peptide sequence (Table 3), show- 
ed significant sequence homology (about 80% identity) to an 
NADPH-dependent aldose reductase (ALD) from barley (2),  
wild oat (32), and the merged amino acid sequences deduced from 
two maize ESTs (Fig. 7). This indicates the presence of multi-
genes to encode aldose reductase in maize. The peptide sequence 
analysis of spot 1136 also shows that at least one of the amino 
acid residues was posttranslationally modified (Table 3, indicated 
with an X), suggesting it may contribute to the observed position 
shift in 2-D gels (Fig. 3). X residue is not one of the  

 

Fig. 2. Subsection of a two-dimensional polyacrylamide gel electrophoresis 
gel showing some of the unique protein spots (1508s) in the embryo of re-
sistant genotype Mp313E compared to Mp420. The range of isoelectric point 
(pI) and molecular mass in kDa was indicated on the top and the left side of 
gels, respectively. Circles represent the common spots used as anchors. Spots 
belonging to 1508s are indicated with solid arrows. The open arrow indicates 
spot 1544 is present in one of the susceptible genotypes, P3165. 

TABLE 2. Summary of unique and up-regulated spots in Mp313E embryo compared to five susceptible maize genotypes 

  
Spot number 

Integrated intensity of protein 
spots. (I.I)u 

 
Area of protein spot in mm2v 

 
Isoelectric point (pI)v 

Molecular weight 
(MW)v 

Unique spots 1482wx 2.90 � 0.41 7.82 8.7 25753.2 
 1538wxy 2.02 � 0.45 2.86 5.4 25763.3 
 1562wxy 4.02 � 0.63 5.11 5.2 25201.6 
 1568wxy 3.12 � 0.88 4.47 5.4 24676.1 
 1820w 2.68 � 0.55 6.59 5.1 18270.7 
 1845w 3.55 � 0.49 6.13 5.0 17803.6 
 676z 8.21 � 1.68 9.27 7.2 54672.3 
 947z 2.00 � 0.35 3.52 6.5 47766.8 
 1166xz 2.18 � 0.52 3.46 8.0 39266.5 
 1467z 4.71 � 0.76 7.01 6.8 28160.9 
 1544z 7.92 � 2.03 8.52 5.3 26202.8 

Fivefold up-regulated spots 885 8.39 � 1.93 11.33 8.2 49786.1 
 355 1.71 � 0.21 4.10 7.5 66773.7 
 1136x 9.36 � 1.38 10.32 8.0 39266.0 
 1529x 4.69 � 0.39 6.54 9.4 23165.0 
u I.I, which have the most variations, the values presented here are means � standard error. 
v The values for area, pI, and MW are the means of the same spot obtained from replicated gels in two studies.  
w Spots are missing in all susceptible genotypes. 
x Spots were selected for amino acid sequence analysis. 
y Spots 1508, 1538, 1562, and 1568 are also collectively called 1508s. 
z Spots are missing in four out of five susceptible genotypes. 

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2002.92.10.1084&iName=master.img-001.jpg&w=238&h=362


Vol. 92, No. 10, 2002 1089 

known common amino acid residues based on mass spectrum 
(data not shown). 

Aflatoxin production versus aldose reductase activity. It was 
found that susceptible genotypes G4666 and P3165 initially con-
tained lower levels of aldose reductase than did resistant geno-
types Mp420, T115, and GT-MAS:gk (Table 4). However, after 
fungal infection, aldose reductase levels in these lines were higher 
than in resistant lines. B73 and Mp313E were two exceptions. 
B73 expressed preinfection levels comparable to Mp420, and 
postinfection levels significantly lower than both G4666 and 
P3165. The level of ALD activity in Mp313E was comparable to 
G4666 both before and after infection (Table 4). 

Aflatoxin production in susceptible lines, G4666 and P3165, 
was significantly higher than in resistant lines, Mp420, T115, and 
GT-MAS:gk (Table 4). In aflatoxin accumulation, again B73 and 
Mp313E displayed intermediate responses. 

DISCUSSION 

Increased temperatures and drought, which often occur together, 
are major factors associated with aflatoxin contamination of maize 

kernels (36). Field studies have found, in most years, that irriga-
tion to reduce water-stress also reduced aflatoxin contamination 
(26,37). Other studies (36,54) have found that drought-stress im-
posed during grain filling reduces dry matter accumulation in ker-
nels. This often leads to cracks in the seed and provides an easy 
entry site to insects and fungi. Therefore, it is likely that drought-
stress contributes to the compromise of host plant defense systems 
(26), thereby increasing insect activity and A. flavus colonization 
of kernels. 

The present study, for the first time, used a proteomics approach 
to identify variations in maize kernel protein expression between 
aflatoxin-resistant and aflatoxin-susceptible genotypes. The reason 
for using this approach was to take advantage of the increased re-
producibility, reliability, and accuracy that 2-D PAGE offers over 
1-D gel electrophoresis. The two genotypes used in this study, 
Mp313E and Mp420, are resistant to A. flavus infection and afla-
toxin production and are viewed as excellent sources of resistance 
by the seed industry. The authors’ initial intention was not to 
identify stress-related proteins in these lines, however, the unique 
or up-regulated proteins identified on 2-D gels of these genotypes 
corresponded to proteins reported to be up-regulated by or related 

 

Fig. 3. Position shifts of spot 1133 in Mp420 and other genotypes. “1 2 3 4” represents four possible positions the spot corresponding to 1133 in Mp420 may 
take in each genotype (indicated with arrows). Circles indicate the common spots used as anchors.  

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2002.92.10.1084&iName=master.img-002.jpg&w=404&h=451
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to water- or drought-stress (29,40,41,47,48,60). These identified 
proteins include globulins (GLBs), late embryogenesis abundant 
proteins (LEAs), a water stress-inducible protein (WSI), aldose 
reductase (ALD), and heat shock proteins (HSP). In light of the 
relationship between drought and aflatoxin accumulation, these 
findings may indicate a correlation between a kernel’s resistance 
to A. flavus infection/aflatoxin production and its stress tolerance. 
Possession of unique or higher levels of the identified proteins, 
constitutively expressed, may put resistant lines in an advan-
tageous position over susceptible ones in the ability to synthesize 
proteins and defend against pathogens under stress conditions. 
Since the kernels used in this study were from different seed lots 
(growth locations and/or growing seasons), the effect of seed lot 
on the expression of the observed protein differences between the 
resistant and susceptible genotypes was examined. Variation in the 
expression of the same protein spot among different seed lots of a 
given genotype was similar to that observed between replicate 2-D 
gels with identical protein samples (data not shown). This vari-
ation, usually less than twofold, does not affect our original obser-
vations (based on a minimum of fivefold differences). 

In the present investigation, several unique proteins with molecu-
lar mass between 24 and 27 kDa found in Mp313E were identified 

as GLB1s. The peptide sequences obtained from these spots were 
all aligned to the C terminus of GLB1, indicating that this single-
gene encoded protein may be processed differently in different geno-
types at its N terminus after its initial synthesis (30). Also, two 
distinct protein spots (1406 and 1391) with molecular mass of 
approximately 25 kDa were found to contain amino acid sequences 
identical to GLB2, suggesting these may be derived from post-
translational proteolysis of the N-terminus of GLB2 as well (46). 

In addition to globulins, a couple of LEA proteins were also 
found either unique (1423) or up-regulated (1868) in resistant 
maize line Mp420. One of the unique features about GLBs and 
LEA3 is that they are highly hydrophilic, containing high levels of 
glycine (>6%) (20), and the expression of GLB1 and LEA3 has 
been reported to be stress-responsive and abscisic acid (ABA)-de-
pendant (48). Increased tolerance to water and salt stress was also 
observed in rice transformed with a LEA protein from barley (60). 
It is interesting to note that GLB1 accumulates early in the ma-
turation phase, while LEA3 accumulates later in embryogenesis, 
coinciding with the onset of dehydration (48) and the outbreak of 
aflatoxin production in infected kernels (36). 

A protein homologous to rice WSI18 (47) was found in Mp420, 
and is specifically induced in rice by short-term water stress. The 

TABLE 3. Summary of peptide sequences obtained through electrospray ionization tandem mass spectrometry (ESI/MS) and Edman degradation 

Spot number. Genotype Expression Peptide sequence Identity or Homology 

1133 Mp420 Up-regulated 1. HVDTAAQYGVEK Homologous to aldose reductase 
   2. HGST(I/L)PA  
   3. QVAHD  
   4. HGIHVTAYSP  
   5. EME(A/G)LVK TAI(A/G)EA 

GYRGHFV(L)(K) 
 

1300 Mp420 Unique 1. VEAYSSVSNLVK 
   2. IGFGVQSEVVVT(I/L)K 
   3. VEAYSSVSNLVK 
   4. GFETDVLR (major) VATVS (minor) 

Low homology to anionic peroxidase H (peptide 1); no 
homology was found for the other peptides 

1391 Mp420 Unique 1. LLAFGADEEQQVDR Globulin 2 precursor 
   2. VFLAGTDSALQK  

1406 Mp420 Unique 1. LLAFGADEEQQVDR 
   2. DGAQQTGSYVAQTAE  
   3. WEIKPSSLTDL 
   4.VFLAGTNSALQ 

1423 Mp420 Unique 1. ASDTGSYLGK 

Globulin 2 (peptides 1, 3, and 4); rice WSI18 (peptide 2) 

   2. SGGVIQQATEQVK LEA3 

1724 Mp420 Up-regulated 1. TSSETAAFAGAR 
   2. VEVEDGNVLQISGER 
   3. FRLPENAK 

Homologous to heat shock protein 17.9 from pearl millet 

1868 Mp420 Up regulated 1. (I/L)Q(I/L)VDK 
   2. VPYDF(I/L)VS(I/L)AK 
   3. TVASGTVPDPGSLAG 
   4. V(C)TVD(I/L)PVVGK 
   5. (R/K)PGS(I/L)AGD ... 
   6. ... ADVTVG ... 
   7. D ? DIDYEMR 
   8. ... ASGTVPD ... 
   9. LTLPL(C)K 

LEA14/desiccation protectant protein (for peptides 2, 3, 
and 6 to 8). No homology was found for peptides 1, 4, 5, 

and 9 

1136 Mp313E Up-regulated 1. TPGGVLXK Homologous to aldose reductase from wild oat 
   2. VLTGEELFVNK  
   3. SATEVWDHED  
1508s Mp313E Unique 1. LSPGTAFVVPAGHPF Storage protein Globulin 1-L from maize 
   2. AEEVDEVLGSR  
   3. VFLAGADNVLQK  
   4. PGPEESGGHEER  
1786z Mo17 Unique 1. DAVMSTLGMGGDNK LEA3 
   2. SGGVIQQATEQVK  
1793z Mo17 Unique 1. DAVMSTLGMGGDNK LEA3 
   2. SGGVIQQATEQVK  
   3. ASDTGSYLGK  
z Expression of spots 1786 (Isoelectric point (pI) 7.6, Molecular weight (MW) 22,607) and 1793 (pI 8.6, MW 22,107) was classified as unique in Mo17 due to their 

position shifts though the same LEA3 is also present in other genotypes, such as Mp420 spot 1423 (pI 9.3, MW 24,433). 
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expression of WSI18 genes was found to increase when rice seed-
lings were subjected to chilling (47). Also, a conserved amino acid 
sequence common to LEA-group genes in the N-terminal region 
was revealed in WSI18 (47). 

Aside from heat stress, HSPs also are induced by other stresses 
such as cold, drought, or salinity (29,41). Other studies have 
demonstrated that HSPs possess in vitro molecular chaperone 
activity (24,25), enhance thermotolerance in recombinant Escher-
ichia coli cells (45,61), and may play a generally protective role in 
desiccation tolerance (53). 

ALD, whose up-regulated expression was observed in both 
MP313E and Mp420, is reportedly involved in the synthesis of an 
osmolyte sorbitol (2). Its expression in barley embryo temporally 
correlated with the acquisition of desiccation tolerance (40), a role 
for ALD in osmoregulation (2), and in the induction and mainten-

ance of freezing tolerance by ABA (31) has been suggested. Re-
cently, it was also found that an NADPH-dependent alfalfa ALD 
protects transgenic tobacco plants against lipid peroxidation under 
chemical (paraquat and heavy metal) and drought stresses (35). 

To explore the relationship between ALD expression and kernel 
aflatoxin accumulation and establish a sense of correlation, resis-
tant (including the addition of T115 and GT-MAS:gk) and suscep-
tible lines were further compared. Variation in levels of ALD ac-
tivity between resistant lines (Mp420, T115, and GT-MAS:gk) and 
susceptible (G4666 and P3165) lines, both before and after infec-
tion, was observed. B73, normally considered a susceptible geno-
type, responded atypically in both aflatoxin accumulation and 
ALD activity. This is not unprecedented since B73 often displays 
intermediate susceptibility to aflatoxin production in both field 
and lab studies (8,10). Resistant genotype Mp313E, however, 

 

Fig. 5. Amino acid sequence alignments of A, maize group 3 late embryogenesis abundant protein with peptide sequences of spots 1793 and 1423 and B, group 
4 late embryogenesis abundant protein with peptide sequences of protein spot 1868. LEA3-ZM, group 3 late embryogenesis abundant protein from maize 
(AAA83402) (55); LEA14-GH, late embryogenesis abundant protein LEA14-A from cotton (Gossypium hirsutum) (P46518) (19); LEA14-GM, desiccation 
protectant protein LEA14 homolog from soybean (Glycine max) (P46519) (33); AAC62908, a putative desiccation related protein from Arabidopsis thaliana; 
AW331170, and AW566229 are two maize expressed sequence tags. The conserved amino acid residues are highlighted. 

 

Fig. 4. Amino acid sequence alignment of A, maize globulin 1 with peptide sequences from spot 1508s and B, maize globulin 2 protein with pepetide sequences 
obtained from spot 1406. Pre-GLB1, maize globulin 1-S (GLB1-S, S21825) allele precursor (P15590) (3); GLB1-L, maize vicilin-like storage protein globulin 
1-L (B53234) (4); GLB2, maize globulin 2 protein (228310) (52). The conserved amino acid residues are highlighted. 

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2002.92.10.1084&iName=master.img-003.png&w=473&h=223
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2002.92.10.1084&iName=master.img-004.png&w=474&h=208
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demonstrated an ALD profile similar to that of susceptible 
genotypes. 

Data for Mp420, T115, and GT-MAS:gk suggests that higher 
constitutive levels of ALD activity may be important to aflatoxin 
resistance, in agreement with previous investigations (12,22). 
Since an aldose reductase homologous gene is present in Aspergil-
lus (23), the relatively high aldose reductase activities in infected 
susceptible kernels may even represent a combination of both 
plant and fungal ALD activity. A high level of expression of the 
fungal ALD gene inside of susceptible kernels (compared to resis-
tant kernels) might be expected, since higher levels of fungal 
growth are normally observed in susceptible seeds. The different 
ALD activity responses between Mp313E and the other resistant 
lines are not clearly understood. However, aflatoxin resistance is a 
multigene-controlled trait (17,51), therefore, the expression or im-
pact of an individual gene on resistance in a specific genotype 
might require further investigation using molecular genetic or 
transformation tools. 

It is interesting to point out that some of the identified spots, 
which are the same proteins based on peptide sequences, appeared 
in different positions in 2-D PAGE among maize genotypes (e.g., 

spots 1391, 1406 in Mp420; spot 1423 in Mp420 and spot 1786 in 
Mo17; and ALD spots). This means that certain unique spots on 2-
D gels may represent different isoforms of the same protein. Po-
sition shifts have been previously suggested to be primarily due to 

 

Fig. 7. Amino acid sequence alignment of peptides from spots 1133 and 1136 with amino acid sequences of aldose reductase from barley (Hordeum vulgare)
(ALD-HV, P23901), wild oat (Avena fatua) (ALD-AF, S61421), and the merged amino acid sequences (ALD-ZMest) deduced from two maize expressed 
sequence tags (AW261223 and AW231664). The conserved amino acid residues are highlighted. “X” in the peptide sequences of spot 1136 indicates a modified 
unknown amino acid residue.  

TABLE 4. Comparison of aldose reductase activity and aflatoxin accumu-
lation between kernels of resistant and susceptible maize genotypes 

 
 
Genotype 

 
 

Resistancex 

 
Aflatoxin 
B1 (ppb)y 

ALD activity 

before 
infectionz 

ALD 
activity after 

infection 

G4666 S 337.0 a 52.9 e 137.2 a 
P3165 S 205.4 b 68.8 d 135.2 a 
B73 S 111.9 bc 93.9 c 53.5 c 
Mp420 R 99.1 c 98.3 c 45.1 d 
Mp313E R 118.9 bc 47.5 e 133.6 a 
T115 R 89.9 c 188.1 a 128.8 b 
GT-MAS:gk R 77.8 c 108.4 b 38.1 e 
x R = resistant, S = susceptible. 
y Within columns, values followed by the same letter did not differ significantly by

Duncan’s multiple range test; ppb, parts per billion or equivalent to ng per g kernel. 
z The unit of aldose reductase activity is nano mole NADPH per min per milli-

gram kernel protein. 

 

Fig. 6. Alignment of amino acid sequences of spot 1724 with low molecular weight heat shock proteins from pearl millet (Pennisetum glaucum) (HSP16.9-PG, 
S72545), Oryza sativa (HSP16.9-OS, P72777), Zea mays (HSP17.2-ZM, S23212), and the deduced amino acid sequences of several maize expressed sequence 
tags (AW067565, AW258080,�BE639130, and�BE056217). The conserved amino acid residues are highlighted. 

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2002.92.10.1084&iName=master.img-005.png&w=469&h=215
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/phyto.2002.92.10.1084&iName=master.img-006.png&w=469&h=160
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the polymorphism of structural genes (49). Therefore, one advan-
tage of using 2-D PAGE to study a trait is that it may allow the 
identification of the corresponding gene when a cDNA probe 
detects several loci in genetic mapping (49). These isoform vari-
ations (due to different pI and/or MW) among genotypes, in 
addition to variations in the level of protein expression, may also 
contribute to different levels of enzymatic or biological activities 
of the same protein under the same biological conditions. 

The identification of stress-related proteins uniquely present or 
up-regulated in kernel embryos of resistant maize lines, Mp420 
and Mp313E, may signal a breakthrough in understanding natural 
resistance. Heretofore, most kernel proteins identified and associ-
ated with resistance to A. flavus/aflatoxin production have had 
antifungal activities. Results of the present study indicate that the 
necessary requirements for developing commercially useful, yet 
aflatoxin-resistant maize lines may also include a high level of 
expression of stress-related proteins. Future investigations of these 
proteins, including genetic mapping of Mp420- and Mp313E-
derived populations, plant transformation using corresponding 
genes, and marker-assisted breeding, should provide greater clar-
ity as to their significance. 
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